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INTRODUCTION
Of the available spectroscopic probes for studying molecules adsorbed on solid surfaces, the vibrational spectroscopies provide the most detailed chemical information. High resolution electron loss spectroscopy (EELS) and reflection-absorption infrared spectroscopy (RAIR) have been the most popular methods. EELS has become a powerful tool in surface science because of its high sensitivity, inherent surface specificity and wide spectral range. Its chief disadvantages are rather modest resolution and inability to operate in nonvacuum environments. RAIR, on the other hand, provides high resolution, can be made nearly immune to absorption by an adjacent gas (or even liquid) phase, but presently suffers from somewhat lower sensitivity and a more restricted frequency range than EELS.
Stimulated by the power of these methods, we began to wonder if another vibrational spectroscopy existed which could provide the best of both worlds: high sensitivity, broad spectral coverage, high resolution, and high pressure capabilities. Raman spectroscopy seemed promising, but the sensitivity of the method had always been deemed too low to be of general utility in surface studies, particularly on low-area single crystal substrates. Two approaches were tried to overcome this limitation. Sensitivity can be increased dramatically if the Raman scattering cross section is enhanced by exciting near a molecular electronic resonance or by choosing metallic substrates for which surface-enhanced Raman scattering (SERS) has been observed. Impressive sensitivity has been achieved by these methods, but they are necessarily restricted to certain molecules and metals. The second approach is to simply increase the efficiency of the detection process, which we have achieved. In this article we will describe the results of recent experiments which illustrate the applicability of this technique to the study of heterogeneous catalysis, the mechanism of SERS, and the determination of selection rules for surface Raman scattering.
APPLICATIONS HI HETEROGENEOUS CATALYSIS
Identification of adsorbed intermediates is clearly an important step in unraveling the mechanisms of surface-mediated reactions. Surface Raman spectroscopy is ideally suited to this task since it provides a molecular fingerprint of reactive intermediates. i s n o t o n l y s e n s i t i v e enough t o d e t e c t submonolayer amounts o f adsorbed species,but can be used t o determine t h e i d e n t i t y o f an intermediate r e s u l t i n g from d i s s o c i a t i v e chemisorption 111. Our experiments have been c a r r i e d o u t i n an u l t r ah i g h vacuum chamber which i s equipped w i t h t h e usual surface physics diagnostic tools. The surface Rarnan spectrometer was designed f o r n~aximum o p t i c a l e f f i c i e n c y by e x c i t i n g a t a h i g h angle o f incidence and c o l l e c t i n g t h e s c a t t e r e d r a d i a t i o n o f f normal i n a plane perpendicuTar t o the i n c i d e n t plane 121. A t r i p l e spectrograph f i t t e d w i t h an o p t i c a l multichannel analyzer provides a m u l t i p l e x advantage o f more than two orders o f magnitude. Our i n i t i a l study was designed simply t o demonstrate submonolayer s e n s i t i v i t y f o r a system which was n o t expected t o show SERS. W e obtained a Raman spectrum o f n i t r obenzene adsorbed on a N i ( l l 1 ) surface a t 1001: w i t h a signal-to-noise r a t i o o f greater than 1 0 : l i n a ten minute scan. The spectrur11 o f more than a monolayer was v i r t u a l l y i d e n t i c a l t o t h a t o f l i q u i d nitrobenzene, as expected f o r an u l t r a t h i n f i l m o f condensed m a t e r i a l . I'hen the coverage was reduced t o below one monolayer, however, t h e spectrum changed d r a m a t i c a l l y i n d i c a t i n g d i s s o c i a t i v e chemisorption. The chemisorbai intermediate Has determined t o be nitrobenzene from an a n a l y s i s o f t h e Raman spectnm. The assignment was confirmed i n a subsequent experiment b y observing an i d e n t i c a l spectrum f o l l o w i n g adsorption of nitrobenzene onto the surface. W e determined t h a t the s c a t t e r i n g cross section was n o t enhanced by c a r e f u l l y c a l ib r a t i n g t h e d e t e c t i o n e f f i c i e n c y of our systen. Thus, s e n s i t i v i t y o f t h i s method f o r o t h e r adsorbates can be estimated by comparing the r a t i o s o f t h e gas phase s c a t t e r i n g cross sections o f the moleculeof ,interest t o t h a t o f nitrobenzene. We f i n d t h a t the s e n s i t i v i t y expected v a r i e s by o n l y about one order o f magnitude f o r a v a r i e t y o f molecules of c a t a l y t i c i n t e r e s t . Based upon the signal strengths, dark current, and metal background s c a t t e r i n g we now observe, we estimate our s e n s i t i v i t y t o be about 0.05 monolayers. Scheduled improvements i n c o l l e c t i o n o p t i c s and detectors should reduce t h i s t o below 0.01 monolayers.
RELEVENCE TO THE MECMANISNS OF SERS
There has been a heated controversy about the o r i g i n of SERS since t h e phenomenonwas discovered. The various p o i n t s of view a r e n i c e l y summarized i n a r e c e n t book 131. B r i e f l y , the enhancement mechanisms may be d i v i d e d i n t o two classes, electromagnetic and chemical. I n t h e former case molecules l o c a t e d near h i g h curvature surfaces o f metals w i t h appropriate d i e l e c t r i c constants experience extremely 1 arge e l e c t r i c f i e l d s due t o the e x c i t a t i o n o f conduction e l e c t r o n resonances i n t h e substrate. The magnitude o f t h i s e f f e c t i s c a l c u l a b l e from c l a s s i c a l electrodynamics, a t l e a s t i n p r i n c i p l e . I n t h e l a t t e r case the enhancement i s thought t o a r i s e because o f new e l e c t r o n i c s t a t e s formed upon chemisorption, which serve as resonant intermediate s t a t e s i n the s c a t t e r i n g process. A1 though t h e r e i s ample qua1 i t a t i v e evidence f o r the existence o f both e f f e c t s t h e r e has been no q u a n t i t a t i v e determination o f t h e i r r e l a t i v e importance, even f o r the b e s t studied system, p y r i d i n e adsorbed on s i l v e r .
Two approaches suggest themselves. If a s t r u c t u r e f o r which the electrodynamic c a lc u l a t i o n can be c a r r i e d o u t can be prepared i n the l a b o r a t o r y ( i s o l a t e d spheres, f o r example) then any excess enhancement must be chemical. The d i f f i c u l t y here i s then deducing t h e nature o f the adsorption s i t e responsible since spheres would be extreme l y rough on an atomic scale. W e have approached the problem from the opposite d i r e ct i o n , namely by working w i t h f l a t surfaces where the electrodynamic enhancement i s t r u l y negl i g i b l e , and chemical e f f e c t s , i f any, would dominate.
Me have i n v e s t i g a t e d Raman s c a t t e r i n g from p y r i d i n e adsorbed on t h e low index faces of s i l v e r under u l t r a h i g h vacuum 141. k! e found (some~that s u r p r i s i n g l y ) t h a t t h e r e i s no enhancement on these surfaces. T h i s conclusion i s supportec! by several l i n e s of e v idence which include a measurement o f the cross section, d e t a i l e d p o l a r i z a t i o n studies, and t h e observation t h a t the frequencies and i n t e n s i t i e s a r e q u i t e s i m i l a r t o the liquid, i n marked c o n s t r a s t t o SERS. Apparently p y r i d i n e i s only physisorbed on these surfaces; chemisorption i s i n v a r i a b l y l a b e l l e d by a s h i f t i n the frequency o f the 992
cm-1 r i n g breathing mode. These studies d e f i n i t i v e l y exclude enhancement mechanisms t h a t only r e q u i r e physical p r o x i m i t y t o a f l a t s i l v e r surface. Combineci w i t h the r e s u l t s o f two o t h e r s t u d i e s on f l a t s i l v e r surfaces where chemisorption i s accompanied by SERS /5,6/ they suggest f u r t h e r t h a t defect s i t e s a r e responsible f o r a substantial p o r t i o n of t h e t o t a l enhancement f o r t h i s system. Having established a baseline, we are now i n t r o d u c i n g defects i n a systematic fashion i n an e f f o r t t o d i scover t h e nature of t h e s i t e s responsible f o r t h e chemical enhancement.
SELECTION RULES
The presence of a metal surface influences the spectroscopic p r o p e r t i e s of adsorbed molecules. The surface s e l e c t i o n r u l e f o r the absorption o f i n f r a r e d r a d i a t i o n r eq u i r e s t h a t t h e t r a n s i t i o n d i p o l e moment have a component along t h e surface normal. The physical basis f o r t h i s s e l e c t i o n r u l e i s t h e screening o f t r a n s i t i o n dipoles o r i e n t e d p a r a l l e l t o the surface by t h e image charges they induce i n the metal. Determination o f a surface s e l e c t i o n r u l e f o r Raman s c a t t e r i n g i s a s l i g h t l y more complicated p r o p o s i t i o n because a s c a t t e r i n g tensor i s involved and because screening a t v i s i b l e frequencies i s l e s s complete than a t i n f r a r e d frequencies. Thus we f e e l t h a t an experimental determination o f the s e l e c t i o n r u l e s i s important.
Several possible influences o f the surface have been suggested /7,8/.
The adsorbate s i t e symmetry may be lower than t h a t o f t h e f r e e molecule. Image charges i n the metal w i l l screen induced dipoles o r i e n t e d p a r a l l e l t o the surface. F i n a l l y , i t has been suggested t h a t the existence o f an extremely l a r g e e l e c t r i c f i e l d g r a d i e n t a t the surface could cause quadrupolar t r a n s i t i o n s t o become as intense as t h e d i p o l a r modes /7/.
These three e f f e c t s have been discussed from a t h e o r e t i c a l p o i n t o f v i e w and group t h e o r e t i c a l p r e s c r i p t i o n s given f o r p r e d i c t i n g which modes a r e allowed under the various circumstances.
We r e p o r t here the r e s u l t s o f t h e f i r s t experimental i n v e s t i g a t i o n o f t h e nature o f the s e l e c t i o n r u l e s on smooth, well-characterized s i n g l e c r y s t a l surfaces. S i l v e r was chosen as the substrate t o emphasize Only t h e physical i n t e r a c t i o n s , and perdeuterobenzene was used as the adsorbate because o f i t s h i g h symmetry and because i t s v i b r a t i o n s span a narrower range of frequencies than i t s protonated counterpart. Figure 1 shows the Raman spectrum of perdeuterobenzene a t submonolayer (4L) and m r l t i l a y e r (20L) coverages. I n the 4L spectrum only two bands are observed i n t h i s Figure 1 . Raman spectra o f perdeuterobenzene adsorbed on A g ( l l 1 ) a t lOOK f o r submonolayer (4L) and m u l t i l a y e r (20L) coverage.
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JOURNAL DE PHYSIQUE region, a t 945 cm-1 and 515 cm-1. The former band i s o f A~G symmetry i n the free molecule w h i l e the l a t t e r i s an A2u mode (and thus Raman i n a c t i v e ) . The presence of the 515 cm-1 mode i n the surface spectrum immediately suggests a r e d u c t i o n i n symmetry upon adsorption a t l e a s t t o C6V. The absence o f E1G and E~G modes which a r e allowed i n t h e f r e e molecule (and observed i n the r n u l t i l a y e r spectrurn a t 5n0 cm-l, 665 cm-1, and 860 cm-1) provide strong evidence f o r the importance o f screening. The E~G mode involves the XZ and YZ p o l a r i z a b i l i t y tensor components. The l a s e r e l e c t r i c f i e l d , which i s o r i e n t e d along Z, induces a d i p o l e i n t h e plane of t h e surface. This p a r a l l e l d i p o l e i s screened by i t s image r e s u l t i n g i n zero i n t e n s i t y . A l t e r n a t i v e l y , the process can be viewed as d e s t r u c t i v e i n t e r f e r e n c e between the r a d i a t i o n o f the molecular d i p o l e and t h a t o f t h e image. These modes a r e seen i n t h e m u l t i l a y e r spectrum because t h e molecules a r e no longer a l l p a r a l l e l t o the surface. The absence o f the E~G modes a r i s e s n o t because o f screening b u t because these modes (which transform as XY) can o n l y be e x c i t e d by an e l e c t r i c f i e l d i n t h e plane o f t h e surface. Since these f i e l d s are e s s e n t i a l l y nonexistent f o r our experimental geometry, the modes a r e n o t observed.
The simplest p i c t u r e c o n s i s t e n t w i t h our data i s t h a t t h e molecular symmetry has been reduced t o a t l e a s t C6V and t h a t screening o f p a r a l l e l induced dipoles i s important. kle do n o t f i n d i t necessary t o invoke quadrupolar t r a n s i t i o n s t o e x p l a i n our r e s u l t s . EELS studies o f t h i s system have suggested t h a t the symmetry i s a c t u a l l y reduced t o C3v (ad) / 9 / . Our data are n o t i n c o n s i s t e n t w i t h these r e s u l t s , since t h i s f u r t h e r r e d u c t~o n I n symmetry would r e s u l t i n the appearance o f o n l y two a d d i t i o n a l bands, one o f which i s extremely weak i n the f r e e molecule and thus probably below our det e c t i o n l i m i t , t h e second o f which i s a very low frequency mode outside the range we have examined. W e conclude, therefore, t h a t the appropriate s e l e c t i o n r u l e f o r surface Raman spectroscopy i s a s l i g h t m o d i f i c a t i o n o f t h a t f i r s t proposed by Nichols and Hexter /7/, namely, t h a t modes transforming as X2, Y2, 22 and XY a r e formally allowed b u t the e x c i t a t i o n o f XY modes r e q u i r e s a tangential e l e c t r i c f i e l d which i s n o t a v a i l a b l e except under special circumstances.
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